Introduction
Liquid Propellant Rocket Engines (LPRE) are commonly used in space technology. Thrust chamber is one of the most important subsystems of a rocket engine. Here the liquid propellants are metered, injected, atomized, vaporized, mixed and burned to form hot reaction gas products, which in turn are accelerated and ejected at supersonic velocity. A rocket thrust chamber assembly has an injector, a combustion chamber, a supersonic nozzle, propellant inlet and distribution manifolds, mounting provisions and ignition device. The thrust chamber of a rocket engine generates propulsive thrust force for flight of the rocket by ejection of combustion products at supersonic speeds.
The modes of failure of a thrust chamber are (1) low cycle fatigue caused by the plastic deformation of inner wall during multiple operations, (2) high temperature rate dependent inelastic strain called creep of the inner wall, (3) cyclic accumulation of plastic strain in the inner wall known as thermal ratcheting [1] . The principal mode of failure of a double walled thrust chamber is by bending, bulging up (known as dog house effect) and finally rupture of inner wall ligament.
Cyclic stress analysis of two dimensional finite element model of thrust chamber (either plane strain, plane stress or axisymmetric) is described in [2] [3] [4] [5] . No effort was made so far to model the three dimensional nature of the chamber. Most of the literature published by European and American space agencies dealt with copper alloy such as NARloy-Z [6] . Though there are plenty of metal plasticity models available in various standard nonlinear finite element analysis packages, a comprehensive study and review of them and their suitability for cyclic loading and creep analysis of thrust chamber has not been found.
Finite element analysis of the thrust chamber using two dimensional and three dimensional models have been conducted using ANSYS general purpose analysis software to study the suitability of various metal plasticity models available in the code. Mechanical, fatigue and creep properties of the copper alloy have been adopted from the results published by earlier investigators in this field. Fatigue life of the chamber is computed by employing the Coffin-Mansion rule.
Low Cycle Fatigue
Metals subjected to a repetitive or fluctuating stress will fail at a stress lower than that required to cause fracture on a single application of load. Failures occurring under conditions of dynamic loading are called fatigue failures. Fatigue failures occurring at relatively high stress and low number of cycles (of the order < 10 4 ) are termed as low cycle fatigue failures. Low Cycle Fatigue (LCF) is an important consideration in the design and operation of high temperature systems that are subjected to repeated thermal stresses as a result of temperature gradients which occur on heating and cooling during start-up and shut-downs or during the thermal transients.
Metals fatigue because of local concentrations of plastic strain. A metal, originally in some state of hardness, generally will either harden further or soften when subjected to uniform cyclic loading. For some materials, the hardening/softening "saturates" after a small number of cycles. Other materials continue to harden or soften up to the point of final failure. In the study of fatigue hardening, the strain controlled test has been used [7] . The terms cyclic hardening and cyclic softening are used commonly in describing fatigue. " Fig.1 " illustrates cyclic hardening and cyclic softening for strain controlled cycling. Fig.1 . Cyclic hardening and cyclic softening [7] The usual way of presenting low-cycle fatigue test results is to plot the plastic strain amplitude Δε p /2 against N. " Fig.2 " shows the straight line obtained when plotted on log-log coordinates. This type of behavior is known as the Coffin-Manson relation [7] , which is described by: 
Creep
Creep can be defined as flow or variation of strain of materials, at constant stress with respect to time. Creep occurs at absolute temperatures greater than 0.4 times the absolute melting. This relative temperature is known as homologous temperature. Creep occurs at T > 0.4T m . To determine the engineering creep curve of a metal, a constant load is applied to a tensile specimen maintained at a constant temperature, and the strain of specimen is determined as a function of time. The general procedures of creep testing are covered in ASTM EI 39-70 specification [8] . = creep constants T = temperature
Plasticity Models
Plasticity models provide a mathematical relationship that characterizes the elasto-plastic response of materials. The choice of plasticity model depends on the experimental data available to fit the material constants. The basic requirements of a plasticity model include yield criterion, flow rule and hardening rule [9] . Conventional plasticity models are classified as:
• Linear isotropic hardening models • Linear kinematic hardening models • Nonlinear isotropic hardening models • Nonlinear kinematic hardening models 1.3.1. Linear isotropic hardening models These models are appropriate for large strain, proportional loading situations. They are less preferred for cyclic loading since isotropic hardening model alone is incapable of describing cyclic behaviour that shows repeated cyclic deformation. However these models are capable of simulating complex cyclic behaviour when combined with kinematic hardening models [10] .
Linear kinematic hardening models
They follow a linear hardening curve in cyclic loading situations. The hardening rule is given by [11] :
where d ij = incremental back stress d ij p = incremental plastic strain c = material parameter They can describe stable loops in cyclic loading, including the Bauschinger effect. However, for a prescribed uniaxial stress cycle with a mean nonzero stress, they fail to distinguish between shapes of the loading and reverse loading hysteresis curves and consequently produce a closed loop with no ratchetting [10] .
Non-linear kinematic hardening models
They follow a smooth non linear hardening curve in cyclic loading situations. The hardening rule is given by [11] 
where α = back stress dp = accumulated plastic strain γ = material parameter They can simulate ratchetting and shakedown effects in an FEA simulation.
Chaboche Model
The Chaboche model is a type of non linear kinematic hardening model commonly used to simulate the plastic deformation of metals. Chaboche model is based on the well known von Mises yield criterion. The yield function is given by [12, 13] : 
II. Cyclic Stress Analysis Of A Simple Block
Stress analysis of a simple block is carried out as explained in [10] to simulate the cyclic behaviour occurring under symmetric pressure as well as displacement loading conditions. The material models investigated include: 
Stress Analysis Results

Displacement loading
" Fig.5 " shows axial stress-strain variation for BISO + Creep model. The variation of axial stress-strain for BKIN + Creep model is plotted in "Fig.6 ". " Fig.7" and "Fig.8 " highlight the variation of axial stress-strain for MISO + Creep model and MISO + Chaboche + Creep model respectively. In case of displacement loading for all the above combinations considered it is seen that the stress relaxation or creep is very large. 
III. Two Dimensional Cyclic Stress Analysis Of Thrust Chamber
Combustion of the fuel and oxidizer inside the thrust chamber induces high thermal and pressure loads on inner wall and also the passage of coolant through coolant channels imparts shrinkage and pressure loads. Thermal and pressure loads were applied in 7 different load steps simulating the complete sequence of hot testing of the chamber viz. (i) pre-chilling (ii) start up transient (iii) steady state combustion (iv) creep for a duration of 6500 seconds (v) shut down transient (vi) post chilling and (vii) unloading to ambient [3] . The duration of operation of the thrust chamber at peak load is 650 s and a factor of safety of 10 has been used to arrive at the creep analysis duration of 6500 s. Cross-section considered is at a distance of 350 mm from injector end (near throat). " Fig.13" and "Fig.14" show the details of cross section chosen and 2D FE model of crosssection. PLANE182 element is used in structural analysis and PLANE55 element is used in thermal analysis.
Cyclic stress analysis of the thrust chamber is done as a 2D Finite element plane strain model of its cross section using:
• BISO model + Creep model • BKIN model + Creep model • MISO model + Creep model for inner wall copper and BKIN model for outer wall steel. Analysis is carried out considering temperature loads alone as well as temperature and pressure loads separately. Analysis is done for two successive hot tests.
The chamber pressure, coolant pressure and temperature at the inner and outer surfaces of the inner and outer walls at the throat are given in "TABLE 3". " Fig.15 " compares the hoop stress-strain graphs of different material model combinations. Ratchetting is observed in hot gas inner wall at mid channel section in all cases. When MISO + CREEP is used, the hoop stress-hoop strain curve is good with significant ratchetting. Use of BISO + CREEP model resulted in a smooth curve with very less ratchetting. BKIN + CREEP model showed a comparatively flatter hoop stress-hoop strain curve. So MISO + CREEP can be considered as the best model for creep modelling. 
IV. Three Dimensional Cyclic Stress Analysis Of Thrust Chamber
Three dimensional cyclic stress analysis of thrust chamber cross-section is carried out in ANSYS (Version 15) finite element code. SOLID185 element is used for modelling the section. The section considered is at a distance of 350mm from injector end (near throat). " Fig.16" shows The graph starts moving in the negative direction when modelled as 2D plane strain model. This is due to the Poisson's effect which arises due to the boundary conditions imposed. The hoop stress-strain graph obtained from 3D analysis is better than the one obtained from 2D plane strain model. It is found that equilibrium of forces in Z direction is ensured in 3D. But this is not applicable for 2D. Plane strain model has net stresses in Z direction, which result in a net strain in Z direction. This causes Poisson's strain is X and Y direction which contribute to a net stress in X and Y direction for 2D model. From the graphs it is seen that the effect of creep is negligible. The cyclic damage factor LCF f is calculated as [2, 3] 
Number of cycles to failure considering ratchetting is given by [2, 3] : 
VI. Conclusion
The main objectives of the present study were to explore different metal plasticity models for cyclic stress analysis of a double walled rocket engine thrust chamber. A study of different elasto plastic material models available in ANSYS (Version 15) code was made and the following models were found to be suitable for the present investigation: BISO, BKIN, MISO, CHABOCHE and CREEP. A special copper alloy (Cu-CrZr-Ti alloy) is chosen for the study. This alloy is used for the fabrication of the inner wall of a double walled thrust chamber of an indigenously designed cryogenic rocket engine. Following model combinations were tried : BISO+CREEP, BKIN+CREEP, MISO+CREEP, MISO+CHABOCHE on cyclic stress analysis of a simple cubical block under axial loading at a uniform temperature of 900 K. Both displacement and pressure controlled loadings were explored. Creep phenomenon was found to be negligible for pressure loading while it was found significant for displacement loading.
Finite element modelling of the thrust chamber was done using two dimensional plane strain model of a cross section taken near the throat. Subsequently, the above models/model combinations (except CHABOCHE) were applied for the above 2D model. Chaboche parameters were available only at a temperature of 900 K and hence this model could not be used for the analysis of the thrust chamber since it experiences temperature gradients. Three dimensional FE modelling of the above cross section was also conducted and the results compared with that from 2D. It was found that the 3D model gave better results compared to 2D since the assumption of plane strain condition induces fictitious stresses/strains in the axial direction of the chamber due to Poisson's effect. Further, plane strain model is found to be slightly more conservative than 3D model. However, 3D models are preferable since they are theoretically more accurate even at the expense of higher computing requirement.
